[1] Wildfire heating of the outer few centimeters of exposed rock or soil generates shortduration, high-temperature thermal events that produce characteristic thermochronologic signatures in minerals. Contrasting activation energies of fission track annealing and He diffusion in apatite lead to a kinetic crossover whereby wildfire heating resets fission track (FT) ages much faster than (U-Th)/He ages, resulting in ''inverted'' FT-He ages in single grains. This can be used to trace wildfire-affected detritus at the Earth's surface. We show that in exposed bedrock, inverted apatite FT-He ages vary systematically with depth to $3 cm, and detrital clasts on hillslopes also show strong but heterogeneous wildfire-resetting signatures. In soils, colluvium, and low-order channel sediments, strongly wildfire-reset apatite grains are abundant, and in some cases dominate the population of detrital apatite, to depths at least as great as 10 cm. Wildfire-reset apatite is rare, however, in fluvial sediments sampled from larger basins, indicating a strong fractionation of apatite populations from hillslopes to rivers. Characteristic dissolution features in hillslope apatite and slower relative dissolution rates of other common minerals suggest that wildfire-reset apatite grains are rare or absent in rivers because they dissolve relatively rapidly in soil profiles. Apatite that does contribute to fluvial sediments is likely to be dominantly derived from bedrock landslides in steep regions or from large clasts containing grains protected from both wildfire heating and dissolution. This means that apatite in fluvial sediment is spatially fractionated with respect to its sources in the catchment, even if catchment erosion rates are spatially uniform. 
Introduction
[2] Cooling ages of low-temperature thermochronometers, such as those of the apatite fission track (AFT) and apatite (U-Th)/He (AHe) systems, are commonly used to infer timing and rates of erosional or tectonic exhumation in the shallow crust [e.g., Gallagher et al., 1998; Farley, 2002] . Most applications using apatite have focused on bedrock samples, but both AFT and AHe have also been applied to detrital apatite to study sediment provenance and exhumation histories of orogenic source regions [e.g., Hurford and Carter, 1991; Thomson, 1994; Carter, 1999; Garver et al., 1999; Bernet and Garver, 2005] . Increasing interest in the detailed spatial and temporal patterns of erosion within drainage basins have also motivated studies of detrital AHe [Stock et al., 2006] and AFT [Vermeesch, 2007] ages in modern fluvial sediment, using approaches similar to those that have been used for detrital studies of higher-temperature thermochronometric systems [Brewer et al., 2003; Ruhl and Hodges, 2005; Hodges et al., 2005; Stock et al., 2006; Huntington and Hodges, 2006] . These approaches also hold potential for reconstructing paleotopography of catchments from ancient detritus [Stock and Montgomery, 1996; Reiners, 2007] .
[3] Low-temperature thermochronology using apatite and other minerals has a long history that does not immediately suggest that surficial wildfire causes widespread or significant age resetting. However, both theory [Wolf et al., 1998] and observations [Mitchell and Reiners, 2003] have shown that wildfire can strongly partially reset (U-Th)/He ages of apatite, and to a lesser degree zircon, in the outermost $3 cm of exposed bedrock, and in detrital pebbles on the soil surface. Although certain sample collection or preparation techniques can mitigate against undesired detection of possible wildfire effects in bedrock samples, unless whole clasts greater than $6 cm in diameter can be collected, this is not possible for detrital samples.
[4] Whether the thermochronologic signatures of detrital apatite grains on hillslopes or in rivers have been affected by wildfire likely depends on several factors including the regional characteristics of wildfire and the way in which detrital apatite is liberated from bedrock and transported through soil, colluvium, and fluvial environments. If detrital apatite does bear a thermochronologic signature of wildfire, it may, in addition to confounding conventional exhumationrelated studies, provide useful information as a tracer of fires over the landscape or of soil-or sediment-forming processes. It may also prove useful for detecting evidence of paleowildfire in some types of ancient materials.
[5] In this paper we describe a diagnostic thermochronologic signature of wildfire resulting from different kinetics of fission track annealing and He diffusion. We then examine the extent and abundance of this signature in detrital apatite from a variety of settings. Our results show that detrital apatite in soils and some low-order streams contain abundant and strong signatures of wildfire resetting, but that few grains in high-order fluvial environments do. This, combined with morphologic differences between apatites in hillslope and fluvial sediment, and considerations of apatite dissolution rates, suggest that most apatite in fluvial sediment has shortcut surficial hillslope transport pathways, and is instead derived from relatively large clasts delivered via landsliding along steep slopes. Apatite transported by slower soil creep along low-slope regions is more likely to bear a wildfire resetting signature, but is also more likely to be dissolved along the way. Even if erosion rates in a catchment are spatially uniform, apatite yield is not, and fluvial detritus is spatially fractionated with respect to its bedrock source.
Contrasting Kinetics of He Diffusion and Fission Track Annealing

He Diffusion
[6] Resetting of (U-Th)/He and FT ages, whether partial or complete, occurs by diffusive loss of He and annealing of fission tracks. The fractional loss f, of He resulting from a heating event at temperature T for duration t, is [Crank, 1975] 
where D is the diffusion coefficient and a is the radius of the diffusion domain with assumed spherical geometry. The spherical domain assumption is arguably justified for most applications because actual crystal geometry makes a negligible difference as long as measured and modeled data use the same convention [Farley and Stockli, 2002; Meesters and Dunai, 2002] . Diffusion is assumed to follow an Arrhenius law of the form
where D 0 and E a are the experimentally determined frequency factor and activation energy, respectively, and R is the gas constant. Shuster et al. [2006] have proposed a more complicated Arrhenius law to account for decreased diffusivity as a function of accumulated radiation damage in apatite. This effect may be important in cases of old and high-U apatite, and although we do not include it here, could be incorporated in the modeling that follows.
[7] Two additional considerations simplify fractional loss calculations and make them more versatile for modeling.
The first is that equation (1) 
[e.g., McDougall and Harrison, 1999] . The second is recognition that Dt/a 2 in equations (1), (3), and (4) can refer to not only a square-pulse heating event of constant temperature, but any arbitrary thermal history, if it is replaced with ''reduced time'' t, where
[8] A heating event causing resetting can be uniquely associated with fractional loss through Dt/a 2 or t, and contours of fractional loss, and therefore resetting of the (U-Th)/He system, can be plotted as a function of log time and inverse temperature ( Figure 1 ). In this context, each fractional loss contour is a straight line with intercept b and slope E a /R, where b is a function of D 0 /a 2 and f.
[9] For calculating He fractional loss from apatite, we used diffusion parameters determined for Durango apatite [Farley, 2000] [D 0 = 31.6 cm 2 /s; E a = 138 kJ/mol (32.9 kcal/mol)], and two different effective diffusion domain sizes of 50 and 100 mm (Figure 1 ). For zircon, we used diffusion parameters from Reiners et al. [2004] [D 0 = 0.46 cm 2 /s; E a = 169 kJ/mol (40.4 kcal/mol)], and the same diffusion domain sizes.
Fission Track Annealing
[10] Compared with phenomenological models for He diffusion and fractional loss/resetting, annealing of fission tracks in apatite is complex. Apatite composition and other poorly understood characteristics affect the kinetics of annealing [e.g., Ketcham, 2005] , but for the purposes of this study, it is sufficient to consider the typical annealing kinetics that characterize most natural apatite.
[11] Most kinetic models describing fission track annealing as a function of time and temperature bear some functional similarity to fundamental equations of atomic motion [Laslett et al., 1987; Carlson, 1990; Crowley et al., 1991; Ketcham et al., 1999; Ketcham, 2005] , but in practice are largely empirical, containing five or six parameters fitted to experimental data. The models are based on track length shortening, which can be empirically related to track density, and therefore AFT age [e.g., Green, 1988] . Here we show several of the most commonly used annealing models. These include the fanning linear model of Laslett et al. [1987] , based on Durango apatite, and the fanning linear model of Crowley et al. [1991] , based on fluorapatite in general. We focus largely on the fanning curvilinear and linear models of Ketcham et al. [1999] , which are based on the experiments of Carlson et al. [1999] using a variety of apatite specimens, laboratory experiments, and natural thermal history constraints. We use Ketcham et al.'s ''RN'' (Renfrew apatite), because it is most representative of typical apatite compositions and annealing behaviors. In the range of time-temperature conditions relevant to wildfire resetting, other kinetic models yield similar results.
[12] Both the fanning linear and curvilinear models describe shortening of fission tracks by r = l/l 0 (length divided by preannealing length), as a function of log time and inverse temperature. In the Ketcham et al. [1999] model, lengths are reduced mean c-axis projected lengths [Ketcham, 2005] , to account for anisotropic annealing. Contours of complete annealing can be considered to correspond to r values where track density (and thus age) rapidly approaches zero (r = 0.55), and contours of zero annealing correspond to shortening that occurs at room temperatures over geologic timescales (r = 0.93) [Ketcham, 2005] .
[13] The linear fanning model [after Laslett et al., 1987] describes track shortening as a function g(r), where
where a, b, c 0 , c 1 , c 2 , and c 3 are empirical parameters based on experimental data. Equation (6) produces fanning linear trends of constant track length (Figure 1 ). The only mathematical difference between equation (6) and the fanning curvilinear model is that the (1/T) term is replaced by ln(1/T) in the latter model, producing curvilinear annealing contours (Figure 1 ). Parameters for Ketcham et al.'s [1999] linear and curviliear models were taken from their Table 5e .
[14] In order to specify annealing kinetics of Ketcham et al.'s [1999] most typical RN apatite, we replaced r in equation (6) with r mr , where
where r lr is the reduced fractional track length of interest (0.55 and 0.935 in Figures 1 and 2) , and k and r mr0 apply to RN apatite , Table 4b ].
[15] Figure 2 shows resetting contour plots for fission tracks and the (U-Th)/He system in zircon. For zircon, we used a simplified fanning linear model:
and constants for mixed-alpha damage zircon [Tagami et al., 1998 ] and zero-damage zircon [Rahn et al., 2004] .
Predictions of Wildfire Signatures From Resetting Contour Plots
[16] Fractional loss and annealing equations can be rearranged to highlight the relationship between explicit kinetic Figure 1 . Pseudo-Arrhenius plot for He diffusion (blue lines) and FT annealing (green, orange, red, and grey lines) in apatite. Solid and dashed blue lines for He represent 1% and 99% He degassing for grains with diffusion domains with equivalent spherical sizes (a) of 100 and 50 mm, respectively. He diffusion parameters are from Farley [2000] . FT contours are shown for various annealing models, and normalized track lengths of 0.93 and 0.55, corresponding to negligible annealing at room temperature and essentially complete annealing where track density (and therefore age) go to zero, respectively. The yellow shaded region represents the approximate time-temperature combinations for an equivalent square pulse heating event that lead to complete FT age resetting with only partial (U-Th)/ He age resetting. 
respectively. Similarly, for fission track annealing, equations (6) and (8) can be rearranged to yield
where
a À 1}/a (the left-hand side of equation (6)). For the curvilinear fanning model of , the analogous equation is as in equation (11), except the last term goes with ln(1/T) instead of (1/T).
[17] Equations (9)-(12) describe lines or curves in Figures 1 and 2. For fractional He degassing, the intercepts are functions of constants, extents of degassing, and D 0 /a 2 , whereas slopes are E a /R. For fanning linear models of fission track annealing, both intercepts and slopes are functions of constants and extents of annealing (except for zircon fission track, whose intercept depends only on constants). The slope of the curvilinear fanning model is also a function of temperature [T(g À c 0 )/c 1 ]. For fission track annealing, these combinations of constants, and in some cases g and T, are analogous to a factor that is proportional to activation energy, as in the fractional degassing cases.
[18] The fact that the slope of fractional loss and annealing contours are proportional to E a underscores the role of activation energy in the time dependence of resetting. Systems with high activation energies (steep fractional loss contours) can experience fractional loss and partial resetting to a given extent if held only for short durations, but require relatively high temperatures. Systems with low activation energies (shallow fractional loss contours) can experience fractional loss and partial resetting to the same extent at much lower temperatures, but only over longer durations.
[19] Except for very long timescales and low temperatures in the curvilinear model for apatite, contours of fission track annealing are significantly steeper than those of fractional He degassing. This is most pronounced at extents of annealing approaching those where fission track density and therefore age goes to zero (i.e., at higher temperatures). This contrast is reflected in higher activation energies of fission track annealing relative to He diffusion. Activation energies for He diffusion in apatite and zircon are approximately 138 kJ/mol (32.9 kcal/mol) and 169 kJ/mol (40.4 kcal/mol), respectively, compared with those for 90% annealing of fission tracks of 161 kJ/mol (38.4 kcal/mol) and 221 kJ/mol (52.8 kcal/mol) to 339 kJ/mol (80.9 kcal/ mol) for the same minerals [Reiners and Brandon, 2006] . These relative activation energies, combined with specific D 0 and effective sizes (a) of typical apatite, and mechanistically equivalent terms in constants for fission track annealing, leads to a triangle-shaped region encompassing time-temperature combinations of heating events resulting in complete fission track age resetting but only partial He age resetting (Figure 1 ). Given the expectation that fission track ages should be at least as old as He ages for monotonically cooled rocks, this is a potentially diagnostic indicator of short-duration, high-temperature heating such as might occur near rock or soil surfaces during wildfire. For apatite and heating timescales of $1 hour, this results from heating to temperatures of 350°-450°C. At shorter timescales, a broader window of higher temperatures has the same effect (e.g., $400°-625°C for timescales of $1 min); at longer timescales, a narrower window of lower temperatures can produce the same effect (e.g., $225°-250°C for 1 year) (Figure 1 ).
[20] Figures 1 and 2 suggest that short-duration thermal events may also partially reset fission track ages to greater extents than He ages. This would in fact occur for t À T combinations covering most of the region between the r = 0.93 and r = 0.55 annealing contours, for timescales less than about 1 year. In other words, if a short-duration thermal event does not completely anneal fission tracks, it is likely to cause greater partial resetting of the fission track than the He system, producing what we call inverted FT-He ages. As in the case of finite He age and zero fission track age, this may provide strong evidence for a short-duration reheating event. Perhaps more interestingly, partial resetting of both systems uniquely constrains Dt/a 2 , which could be used to constrain the temperature, duration, or t À T histories of a wildfire. Alternatively, assuming an average wildfire thermal history, a unique Dt/a 2 could potentially be used to estimate the number of wildfire events affecting a sample, or, with an additional estimate of the duration over which they occurred, their recurrence interval.
[21] It should be noted that whereas annealing and diffusion predictions for typical exhumation paths require extrapolations across several orders of magnitude of both time and temperature, short-duration wildfire heating events require no such extrapolation, as they reflect the same time and temperature conditions (Figures 1 and 2 ) used in experiments to derive the (empirically based) kinetic models.
[22] Assuming relationships between track length, density, and age suggested by Ketcham [2005] , we calculated contours of constant time and temperature for square-pulse thermal histories in a plot of fractional resetting of AFT and apatite He ages (Figure 3 ). The contours in Figure 3 show constant time or temperature trajectories of resetting in these systems. At temperatures less than about 240°C, significant partial resetting of these systems requires long durations and results in greater resetting of the He system than the FT system (e.g., point A in Figure 3 ). Such conditions are characteristic of subsurface geologic processes, such as sedimentary burial. At higher temperatures, if the thermal event does not completely reset at least one of the systems, the duration of the event must be relatively small, and this results in inverted partially reset ages (e.g., point B in Figure 3 ; $2.7 hours at $325°C) or completely reset FT with a partially reset He age (e.g., point C; $5 min at $400°C). As shown below, thermal histories characteristic of wildfires, and resulting FT-He ages, follow steep trajectories in this plot.
Wildfire Thermal Histories
[23] Short-term thermal histories of shallow or exposed bedrock and soil during wildfire are not well known, and are likely quite variable, even within small areas and single burn events. Mitchell and Reiners [2003] reviewed several cases from the literature, noting estimates of rock and soil temperatures ranging as high as 600°-700°C, and characteristic heating times with temperatures >100°C on the order of minutes to tens of minutes.
[24] Figure 4 shows time-temperature histories of the mineral-organic soil interface (0.5 cm depth) in several experimental summer fires in the Valencia region of the Mediterranean [Molina and Llinares, 2001] . As an example of (1) conversion of arbitrary thermal histories to Dt/a 2 (t) values, and (2) stronger AFT resetting than AHe resetting for typical wildfire events, we estimated Dt/a 2 (t) and fractional AHe and AFT resetting for three of these curves. AFT ages were calculated using HeFTy [Ketcham, 2005] . The history reaching the highest temperature completely reset the AFT system and nearly completely reset the AHe system. The case with the intermediate maximum temperature caused complete resetting of the AFT system, but only caused 65% He loss. The lowest temperature history caused 9% He loss and 15% fission track age reduction. These simple simulations are consistent with predictions that [Molina and Llinares, 2001] . Fourier indices (Dt/a 2 ) and fractional resetting extents for apatite FT and (U-Th)/He systems, calculated for the three histories with solid lines, are shown next to each line (histories with dashed lines were not translated to Dt/a 2 or resetting values). HeFTy [Ketcham, 2005] was used for FT modeling. The lowest temperature thermal history results in post-heating FT track lengths 12.7 ± 1.14 mm. Apatite He diffusion parameters are from Farley [2000] , with a = 75 mm. typical wildfires should cause greater age resetting in the AFT system than in the AHe system.
Samples
[25] We examined apatite from hillslopes, bedrock outcrops, and low-order and high-order channel sediments from several locations on the eastern flank of the central Washington Cascades and in the northern and central Sierra Nevada (Table 1) . Apatite and zircon (U-Th)/He ages from some of the Cascades samples (SGM samples) were reported by Mitchell and Reiners [2003] ; other SGM samples reported here were taken within several kilometers of these, all in the Icicle Creek drainage ( [Agee, 1993; Everett et al., 2000] . The mean annual temperature and precipitation are approximately 9°C, and $65 cm/yr, respectively.
[26] SGM samples are exposed bedrock and scattered detrital chips of rock on the soil surface from a broad hillslope on the south side of Icicle Ridge (Table 1 ) [Mitchell and Reiners, 2003 ]. Sample 04WFC1 is sand and gravel from a low-order channel on a steep slope about 600 m above the SGM samples, and 04WFC1-6 are soil samples from a broad hillslope about 150 m below 04WFC1 (Table 1) . Sample 04WFC9 is river sand integrating $550 km 2 of the Icicle Creek drainage just above the town of Leavenworth. Apatite (U-Th)/He ages of fresh bedrock from this part of Icicle Ridge range from $18 to $30 Ma at elevations of $400 to $2400 m, respectively. A few AFT ages from samples at intermediate elevation in this transect ($900 -1400 m) range from 40 to 50 Ma [Reiners et al., 2002] . Elsewhere in the Icicle Creek drainage, apatite He ages range from about 9 to 55 Ma (unpublished data), and zircon He ages range from 54 to 74 Ma [Reiners et al., 2002] .
[27] Samples 04WFS12 and 13 are bedrock and soil samples from a forested, low-relief part of the central Sierra Nevada (Table 1) , and are underlain primarily by Mesozoic Sierran batholithic granitoids, with some Mesozoic metavolcanics and other areally minor lithologies. Vegetation in this part of the western Sierra ranges widely but is dominantly mixed conifer and fir forests, with some alpine vegetation and chaparral at higher and lower elevations, respectively. These detrital samples are derived from basins covering a wide range of annual precipitation, from $50-200 cm/yr.
[28] All 05WFS samples are from Mesozoic Sierran batholithic rocks in the northeastern Sierra Nevada (Table 1 and Figure 5 ), from sites, or near sites, where erosion rates and their relationships with climatic and topographic variations have been determined with cosmogenic nuclides [Granger et al., 2001 [Granger et al., , 1996 Riebe et al., 2000 Riebe et al., , 2001a Riebe et al., , 2001b Riebe et al., , 2004 . These areas were not glaciated in the Pleistocene. Erosion rates over the last 10 3 -10 4 years in these regions, as measured by cosmogenic nuclides, range from approximately 0.02 -0.2 mm/yr [Riebe et al., 2000] . Mean annual temperatures for all 05WFS samples except Adams Peak are 9°-12°C; Adams Peak is 4°C. Mean annual precipitation for Fall River and Grizzly Dome are 145-180 cm/yr, Adams Peak and Antelope Lake are 60-85 cm/yr, and Fort Sage is 25 cm/yr [Riebe et al., 2000] . Vegetation at most 05WFS sites is mixed conifer or fir forests, but Fort Sage is sagebrush scrub. Samples 05WFS1 through 4 were collected in a region that burned in the 2001 ''Stream Fire.'' Most trees in the immediate vicinity of these samples were killed by this fire, suggesting relatively intense burning. The 05WFS samples are from a variety of geomorphic settings, including fresh interiors of bedrock tors or massifs, soils on broad hillslopes or colluvial hollows, and low-order channel sediment (Table 1) .
Methods
[29] Concentrated apatite fractions of each sample were prepared by standard crushing, sieving, magnetic, and (heavy liquid) density mineral separation procedures. Apatite grains dated by (U-Th)/He methods (without accompanying FT dating) were selected by routine microscopic inspection and analytical methods [House et al., 2000; Reiners et al., 2003] . Fission track ages were measured in two different labs. The fission track samples analyzed at Yale followed the methodology outlined by Thomson and Ring [2006] , using a CN5 glass to monitor neutron fluence during irradiation at the Oregon State University Triga Reactor, Corvallis, USA. A CN5 apatite zeta calibration factor [Hurford and Green, 1983] of 356.1 ± 15.3 was used in age calculation. Some samples were analyzed at A2Z, Inc., following procedures outlined in Donelick et al. [2005] .
[30] A subset of apatite grains was dated by both He and FT methods, by plucking selected polished and FT-dated grains directly from epoxy and processing them through standard He dating procedures [e.g., Reiners et al., 2004] .
[31] Polishing and removing part of the apatite crystal in the FT-dating procedures removes part of the alpha-ejection affected rim, modifying the grain's alpha-ejection correction for He dating. The modified alpha-ejection correction for the polished grain can be estimated by assuming that polishing was subparallel to the c axis of the crystal and removed a thickness more than one stopping distance ($20 mm) and less than one half of the crystal width. Under these conditions, the modified surface area to volume ratio (b) of the polished grain (for an assumed prepolishing cylindrical geometry with pinacoidal terminations and not including the surface area of the polished face) is 
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where d is polishing depth, l is crystal length, r is c-axis perpendicular half-width (radius), and
We then assume that this b can be used in Farley's [2002] standard polynomial relating b and F T for apatite, which we justify by noting the similarity in F T for a wide range of assumed morphologies, as long as b is sufficiently large. A similar and simpler approach is also possible for zircon, if the pyramidal terminations are ignored, so that
where r 1 and r 2 are the c-axis-perpendicular half-widths of the crystal parallel and normal to the polishing directions, respectively. This equation can be used with the standard polynomials relating b and F T for zircon [Farley, 2002; Hourigan et al., 2005] .
[32] Figure 6 shows that as long as polishing removes a thickness greater than one stopping distance (17 -20 mm for zircon and apatite, respectively) and less than one halfwidth of the grain, its estimated effect on the alpha-ejection correction, relative to the whole unpolished grain, is generally less than about 2 -5% ( Figure 6 ) for typical crystal sizes. Because we do not know the polishing depth for each grain precisely, we have assumed the standard F T correction here, based on the measured length and polishing-perpendicular width of each grain. We also do not report parent or daughter concentrations for these grains, because routine concentration estimates by AHe dating methods require a simplifying morphological assumption for each grain that is violated when polished partial grains are used (note that this has no effect on the age calculation, however).
Results
[33] Table 2 shows summaries of all apatite FT dating results. Individual grain data for all samples are in the auxiliary material Table S1 1 . Table 3 shows results of combined FT and (U-Th)/He dating on single grains from a subset of these samples, and Table 4 shows results of single-grain (U-Th)/He analyses. Most of the single-grain He dates were performed on detrital grains from Icicle Creek (04WFC9), and the San Joaquin (04WFS14) and Kings (04WFS15) rivers, but several are from fresh bedrock in the northern Sierra (05WFS5) and hillslope and loworder channel deposits in both the Sierra and Cascades.
Small-Scale Bedrock Transect Samples
[34] AFT ages from the 6-cm bedrock transect analyzed by Mitchell and Reiners [2003] show exclusively young or zero ages in the outermost section, old ages in the innermost section, and mixed age populations in the two intermediatedepth samples. Figure 7 shows probability density plots and binomial peak fits [Brandon, 1992] to AFT grain ages. Apatite grains from the deepest sample (3 -6 cm depth) have a unimodal age peak (but with a relatively poor chisquare of $1%) of 42.9 À3.8 +4.1 Ma. Nearly 90% of apatite grains in the outermost 1 cm have AFT ages indistinguishable from zero, though a few have poorly resolved ages younger than $5 Ma. AFT ages from samples in the 1-to 2-cm and 2-to 3-cm portions show relatively large scatter. About 40 -50% of these grains have zero ages or poorly resolved ages less than $2 Ma. However, several grains with strongly shortened tracks from both samples have widely ranging ages, from $5-40 Ma. The largest probability peaks in these intermediate depth samples are $30-40 Ma, significantly younger than the central age of the deepest sample. AFT ages of grains from small chips on the forest floor (''SGMchips'') also yielded a wide range of ages, with nearly half indistinguishable from zero. The etchpit feature D par , considered a proxy indicator for fission track annealing kinetics in apatite [Donelick et al., 2005] , shows a weak correlation with AFT age in the partially reset grains from 2 -3 cm depth, and to a lesser degree in the sample from 1 -2 cm depth (auxiliary material Table S1).
He-FT ''Double Dates'' on the Bedrock Transect
[35] Combined He-FT ''double dates'' on the exposed bedrock transect samples are shown in Figure 8 . Because of the low density of natural tracks in many of the apatite grains from these samples (N s < 5), we show 50% probability ages, rather than central ages, with 95% confidence intervals for a binomial parameter [Brandon et al., 1998 ] using the formulae given by Galbraith [2005, p. 50-52] . The maximum apatite FT and He ages measured in these samples correspond well to those measured on grains analyzed by only a single technique. Most grains in the deepest subsample having AFT ages of $40-50 Ma and apatite He ages of $16-19 Ma, whereas most grains from shallower and detrital subsamples range widely to younger He and FT ages, but only grains with He ages greater than $14 Ma show FT ages indistinguishable from zero. Comparisons of the measured He-FT double dates for most samples with model time-temperature trends for partial resetting are consistent with equivalent square-pulse heating temperatures and durations of $270°-400°C and a few minutes to a few hundred hours.
Bedrock, Soil, Colluvial, and Low-Order Channel Samples
[36] AFT grain age populations from most samples of soil, colluvial hollows (or unchanneled valleys), exposed bedrock, and creek sand show a wide range of ages, with a large population of zero-age or near zero-age peaks. Representative photomicrographs of apatite grains in these detrital samples are shown in Figure 9 . These images are from two samples with roughly subequal proportions of grains with ages matching those of fresh bedrock in the region and grains with zero or near-zero ages. The distinction in these populations can be clearly seen in spontaneous track abundances and their comparisons with mirror-image, induced-track abundances. In the following paragraphs we briefly survey the general results from each subregion, along with their regional contexts, focusing on the proportion of grains with zero or near-zero AFT ages. Figure 6 . Percent difference between alpha-ejection correction for a whole apatite crystal and a crystal with one (c-axis-perpendicular) side polished, as a function of crystal radius (c-axis-perpendicular halfwidth; denoted by text next to each line), and polishing depth, assuming polishing depth is greater than one alpha-stopping distance and less than crystal half-width. Crystals polished exactly halfway through have an alpha ejection correction the same as the whole crystal. Crystals polished more than 20 mm but less than halfway through have an alpha-ejection correction (F T of Farley et al. [1996] ) that is between zero and $4.5% larger than that of the whole crystal for these crystal sizes, depending on crystal size and polishing depth. See text for details. (3467) 71 (0) 38.9 ± 4.7 0.5642 (13) 2.848 (4188) n/a 37.3 ± 23.9
n/a n/a n/a n/a n/a n/a Analyses performed by external detector method using 0.5 for the 2p/4p geometry correction factor. Ages calculated using dosimeter glass: CN5 with z CN5 = 356.1 ± 15.3 (SNT); CN1 with z CN1 = 113.8 ± 2.9
(RAD). P [Reiners et al., 2002] . Binomial peak fitting of AFT ages of detrital grains from the upper $10 cm of soil and low-order channel sediments shows two dominant age peaks, with subequal proportions in each sample. One of these peaks is consistent with the regional bedrock ages (40 -60 Ma), but the other one, comprising approximately 40-60% of grains, has a zero age, or one statistically indistinguishable from it ( Figure 10 ).
[38] In the northeastern Sierra Nevada (Figure 5 ), AFT age patterns are not known in detail, but He ages of fresh bedrock samples from two areas we sampled are similar to most of those in the northern Sierra as a whole [House et al., 1998 [House et al., , 2001 Cecil et al., 2006] . A fresh bedrock sample from the Antelope Lake area yielded a well constrained central AFT age of 72.8 ± 4.5 Ma (1s) and six single-grain apatite He ages averaging 66.8 Ma, with one standard deviation of 3.6 Ma (Tables 2 and 4 and Figure 11) . A single fresh bedrock sample from the base of Grizzly Dome in the canyon of the North Fork of the Feather River also yielded a similar central AFT age of 68.3 ± 4.5 Ma (1s) (Figure 12 ).
[39] Binomial peak fitting of AFT grain ages from soil and colluvial hollow samples from the Antelope Lake area of the Sierra show results similar to those in the Cascades. Two age peaks dominate (Figure 11 ). The younger one, comprising between 45 and 92% of grains is indistinguishable from zero, and the older one is similar to the age of the fresh bedrock. A single sample of low-order channel sand from the region yielded a slightly smaller proportion of zero age grains: 29%.
[40] Results from the Adams Peak area (Figure 13 ) are similar. Between 40 and 65% of grains from colluvial hollow sediments have AFT ages indistinguishable from zero, while the remainder fall into a peak similar in age to that of bedrock from the nearby Antelope Lake area.
[41] In the Grizzly Dome area (Figure 12 ), AFT grain ages in two samples from the higher, low-relief areas show 32 and 34% zero-age peaks, with older peaks consistent with regional ages. Samples from low-order channel sand at the bottom of the Dome, in the Feather River Canyon however, show a much smaller proportion of zero-age grains: 2 -10%. Notably, these are the largest creeks sampled in this study, and they also drain the steepest terrain.
[42] AFT grain ages from colluvial hollow samples in the Fort Sage area (Figure 14) show a much smaller proportion of zero-or near-zero-age grains. In three out of four samples only one to two grains have zero ages (1 -2% of the population), though in one sample, 16% of grains have zero ages. The older age peak is similar to but in some cases slightly younger than older-peak ages in the other regions.
[43] In the San Joaquin drainage, a single sample of exposed bedrock about 3 cm thick (04WFS12) yielded apatite with a wide range of AFT grain ages, from 0.9 to 13 Ma (Figure 15 ). Though only a few grains were dated, these grains are significantly younger than the much older regionally consistent AFT ages of $70-80 Ma. A nearby soil sample (04WFS13) also yielded apatite with a similarly wide range of AFT ages, several of which were much younger than the regional bedrock ages (Figure 15 ).
High-Order Channel (River) Samples
[44] In contrast to most soil, colluvial hollow, and loworder channel samples, AFT grain-age populations from fluvial sediment from relatively large rivers show few or no zero-age or near-zero age grains. Out of 100 grains dated from the Icicle Creek sample, approximately 9% fell into the youngest grain-age peak, which is easily distinguishable from other peaks and close to zero-age ( Figure 10 ). This is much lower than the 50-61% and 40% from nearby soil and low-order channel samples, respectively.
[45] Similarly, none of the fifty grains dated from the San Joaquin river sample showed zero or near-zero ages (Figure 15 ). This detrital sample yielded a single age peak of 75.7 À8.8 +9.8 (95% confidence interval) with a chi-square probability of 99.9%. (U-Th)/He dating of a separate set of 46 grains from this sample also failed to yield a single grain with anomalously young ages (Table 4 ). In the Kings river sample, 3% of grains fell into a distinct age peak much younger than the 66.1 À8.0 +9.1 Ma peak (95% confidence interval, chi-square probability of 94%) of the other 97% of grains (Figure 15 ). A few anomalously young grains were also confirmed by (U-Th)/He dating of a separate set of 52 grains from this sample, which yielded two grains with 0.14 and 2.6 Ma apatite He ages (Table 4) .
He-FT Double Dates on Hillslope and Fluvial Samples
[46] Figure 16 shows He-FT double dates on single apatite grains from (1) soil, exposed bedrock, and fluvial samples from the San Joaquin drainage, and (2) fluvial samples from the Kings river, and 3) soil and fluvial samples in the Icicle Creek drainage in the Cascades.
[47] In the Sierran samples (Figure 16a ), apatite He-FT ages from the San Joaquin river (04WFS14) fall above or within uncertainty of the 1:1 He-FT age relationship, at ages similar to those of both AFT and apatite He age distributions that show no evidence for partial resetting of either system, consistent with the AFT peak fitting of this sample (Figure 15) . The Kings river sample (04WFS15) shows two grains with near-zero He and FT ages, consistent with nearly full resetting of both systems, and one with old FT and He ages, consistent with minor or no resetting. Two grains from the soil sample in the San Joaquin drainage (04WFS13) also show one grain with old FT and He ages (but an FT age younger than the He age) and one with near-zero ages for both systems. Three grains from the exposed bedrock sample in the San Joaquin drainage (04WFS12) show near-zero FT ages and He ages of 25-55 Ma, suggesting a shallow trend of increasing FT age with increasing He age, consistent with predicted resetting trends (Figures 3 and 8) .
[48] In the Cascades samples (Figure 16b) , two of the grains from the high-order (Icicle Creek) channel in the Cascades show FT ages older than He ages (at ages consistent with regional expectations based on bedrock samples in the basin), two of them have both FT and He ages close to zero, and two of them have near-zero FT ages and He ages of $10 and 23 Ma (Figure 16a) . The low-order channel grains show near-zero FT ages with He ages of 0.6 and 28 Ma (Figure 16a ). These combined ages for both the high-and low-order channel Cascades samples are consistent with expectations for both unheated, slowly cooled grains, or wildfire-reset grains (and inconsistent with volcanic air fall) from this area, as observed for many of the intermediate-depth and detrital samples from the 6-cm bedrock transect (Figure 8) .
[49] The soil samples from the Cascades (Figure 16b , 04WFC4, 5, and 6) also yield many grains with near-zero FT ages and a wide range of He ages that are younger than the expected age of bedrock in this area (20 -30 Ma), as predicted for resetting trends (Figures 3 and 8) . Notably, however, several apatite grains from each of these samples have old FT ages (35 -50 Ma) and a wide range of He ages. A few of these are older than the 20-30 Ma expected for He ages in bedrock from this immediate area. Moreover, several have young He ages at old FT ages, which are not expected for either unheated bedrock in this area, or from predicted wildfire-resetting trajectories from the initial bedrock He and FT ages in the area (Figure 8 ).
Samples With Apatite He Ages Only
[50] In order to (1) evaluate the extent to which routine (U-Th)/He dating procedures encounter anomalously young, wildfire-affected grains, (2) characterize the age populations of river samples, and, (3) in one case, charac- The He ages of these grains are probably partially reset by wildfire, but this is not conclusive because of the lack of AFT ages on the same grains.
F04001 REINERS ET AL.: WILDFIRE THERMOCHRONOLOGY terize He ages of fresh bedrock, a subset of samples were analyzed by conventional (U-Th)/He methods (Table 4) . Two grains from the 04WFC1 creek sand sample in the Cascades (Figure 10 ) showed ages consistent with fresh bedrock ages in the area. However, among seven grains from three nearby soil samples (04WFC4, 5, and 6), one grain in each aliquot had anomalously young ages. Two grains from Sierra Nevada soil (04WFS11) also yielded one old grain consistent with regional fresh bedrock ages and one grain with an anomalously young age of 0.5 Ma. Two soil samples (04WFS12, 13) from the Adams Peak region ( Figure 13 ) showed one of three and two of four grains with anomalously young He ages. Six single grains from fresh bedrock in the Antelope Lake region (Figure 13 ) yielded an average age of 66.8 Ma, with 1 standard deviation of 3.6 Ma (Table 4) , slightly younger than the AFT age of 72.8 ± 4.5 Ma (1s) ( Table 2) .
[51] Only one of fifty-eight grains dated by conventional (U-Th)/He methods from the Icicle Creek river sediment yielded an age much younger than found in bedrock samples from the drainage [Reiners et al., 2000 Mitchell and Reiners, 2003; Isaacson, 2005] (Figure 17) . Most of the grains (88%) in this detrital population have ages of 18-45 Ma, similar to most bedrock ages. Four grains yielded apatite He ages of 9 -11 Ma, a distinguishable young age peak in the population, but fresh bedrock with this age has been found in the drainage and is likely common in the western part of it. Two grains gave He ages of 75 and 81 Ma, which are older than any found in bedrock in this area.
[52] Forty-six apatite grains from sand of the San Joaquin river yielded ages between 54 and 81 Ma with an age population similar to, but less variable than, that of bedrock apatite He ages found in a large are of the western Sierra Nevada [House et al., 1998 [House et al., , 2001 Cecil et al., 2006] (Figure 18 ). No grains with anomalously young ages were found in this sample.
[53] Fifty-two apatite grains from sand of the Kings river yielded two grains with anomalously young ages and fifty with ages ranging from 27 to 74 Ma. This population extends to younger ages than samples from the San Joaquin or bedrock from farther north in the western Sierra, but ages (Figures 7 and 8) show trends that agree with kinetic predictions of resetting for these two systems. Nearly all the grains in the outermost centimeter have lost all their fission tracks, and are essentially completely reset with respect to the AFT system. In contrast, He ages in this sample are reset by only 10 -60%. In the intermediate depth (1-3 cm) and detrital chip samples, however, fission track annealing is highly variable; approximately half of the grains being completely reset and the other half extending to ages as old as that of interior bedrock. The He ages in the 1-3 cm depth and detrital chip samples are much more reproducible, though they are partially reset by up to 15%. No resetting by wildfire for either the AFT or apatite He systems is evident in rock greater than 3 cm from the surface.
[55] These data from a well-controlled sample suite lead to several points that guide expectations and interpretations of other samples. First, the observed resetting patterns follow kinetic predictions in that FT ages are commonly younger than He ages, at least in the outer few centimeters of exposed bedrock. Second, where thermal histories have led to partial resetting, as in the 1 -2 and 2 -3 cm depth samples, FT ages vary widely whereas He ages show restricted ranges. Third, detrital rock chips can contain significant proportions ($50%) of grains with zero FT ages and finite He ages. Fourth, if the youngest AFT age peak (P1) of a grain age population is close to zero and clearly distinguishable from an older peak representing fresh bedrock age, then the proportion of grains comprising the P1 peak represents the proportion of grains fully reset by wildfire (Figure 7) .
[56] At least in the case of the samples shown in Figures 7  and 8 , the scatter in apatite FT and He ages in the intermediate depth samples precludes robust conclusions about the number or intensity of wildfire events affecting the exposed bedrock. It may be that centimeter-scale sampling mixes grains over depth ranges too large to allow modeling of potential thermal histories. However, it is possible to place some constraint on the thermal dose in the outermost centimeter. Here the full resetting of AFT ages combined with a minimum apatite He resetting of about 35% requires temperatures greater than about 300°C for durations less than about 30 hours (Figure 8 ). This is likely a cumulative effect from several fires, rather than a single event, but this cannot be determined without additional constraints.
Detrital Samples
[57] As long as the FT age of unreset apatite grains (i.e., those from interior bedrock) is clearly distinguishable from zero, as it is in the cases shown here, then the fraction of grains in the near-zero FT age peak approximates the proportion of grains with AFT ages completely reset by wildfire. As shown in Figures 8 and 16 , most of these grains Figure 9 . Representative photomicrographs of apatite grains from colluvial hollow sand samples with both reset and unreset FT ages, with and without c-axis-parallel dissolution pits and decorated fractures characteristic of detrital apatite in soils, colluvium, and low-order channel sand. are likely to have partially reset (U-Th)/He ages, and a few will also have completely reset He ages.
[58] Figure 19 shows the proportion of detrital apatite grains with near-zero, wildfire-reset FT ages, as a function of sample type, location, and the mean gradient and area of the basin in which it was collected. On average, soils contain the largest proportion of reset grains (50 -90%), with decreasing proportions in colluvial hollow deposits (30 -70%, excluding Fort Sage), followed by low-order channel sands (2 -40%). In each location, sediments from large basins contain the fewest reset apatite grains (Figures 15  and 19) .
[59] The Fort Sage samples contain much lower proportions of reset grains (1 -16%) than other colluvial hollow samples. This region is distinguished from all the others in this study by its aridity. Its mean annual precipitation is only about 13-40% of that in the other regions, and the vegetation is semidesert scrub with sparse sagebrush. Although the region experiences some fire (abundant burn scars were found at low elevations in 2005), the scarcity of reset grains in this region is consistent with a strong control of vegetation on at least the intensity, if not frequency, of wildfire heating of surface detritus. If vegetation in the Fort Sage area was more abundant in the cooler, potentially wetter, climate of the Pleistocene, it was either not sufficient to have generated wildfire resetting signatures comparable to the other areas, or detrital apatite grains do not persist in surficial deposits long enough to record this history.
Near-Zero FT Age Components
[60] The high proportion of reset grains with zero or nearzero ages in many of these samples raises the question of why the near zero-age component of detrital AFT populations has not been widely recognized previously. One reason may be that detrital grains with zero or near zero ages (or lag times, in sedimentary samples) derived from tectonically or magmatically active regions could be interpreted as contributions from either volcanic or rapidly exhuming sources [e.g., Sachsenhofer et al., 1998; Issler et al., 1999; Kelley, 2002; Coutand et al., 2006] . This study shows that young (and potentially syn-depositional) age peaks can represent surficial wildfire resetting, rather than timing of monotonic exhumational or volcanic cooling. Another possible reason, at least in cases where only 2 -4% of grains are reset and a single older fraction with a precise age dominates, is that the chi-square probability Figure 10 . Sample locations and probability density and histogram plots of apatite FT ages of grains from samples in the Icicle Creek catchment (outlined in red) of the central Washington Cascades; 40 -61% of apatite grains in low-order channel sand and soil samples fall into an FT age peak that is indistinguishable from zero and far younger than the fresh-bedrock apatite FT age of 40 -50 Ma for samples collected at the same elevation. In contrast, less than 9% of apatite grains in the high-order (river) sand sample (04WFC9A) are reset. A second analysis of the same sample (04WFC9B), but many fewer grains, identified only one reset grain. Figure 11 . Sample locations and probability density and histogram plots of apatite FT ages of grains from samples a region just northwest of Antelope Lake in the northern Sierra Nevada (see text and Riebe et al. [2000 and Riebe et al. [ , 2001a and Riebe et al. [ , 2001b and Riebe et al. [ , 2004 for more location details). Fresh bedrock from this region shows a unimodal apatite FT age of 73 Ma. Soil and colluvial hollow samples in this region contain 46-92% wildfire-reset apatite grains, and the creek sand contains 29%. The red dashed line is the approximate limit of the 2001 Stream Fire (the fire occurred within the area to the east-northeast of the line). Figure 12 . Sample locations and probability density and histogram plots of apatite FT ages of grains from samples at the top of Grizzly Dome and the bottom of it, from mouths of tributary creeks to the North Fork of the Feather River, in the northern Sierra Nevada (see text and Riebe et al. [2000 and Riebe et al. [ , 2001a and Riebe et al. [ , 2001b and Riebe et al. [ , 2004 for more location details). Fresh bedrock from this region shows a unimodal apatite FT age of 69 Ma. Colluvial hollow samples in this region contain 32 and 34% wildfire-reset apatite grains, and the creek sand samples contain 2 and 10%. REINERS ET AL.: WILDFIRE THERMOCHRONOLOGY statistic can pass at the 5% level (e.g., Table 2 ), leading to an ''acceptably low'' age dispersion for a single population. Finally, it is also possible that some detrital apatite samples truly lack any wildfire-reset grains. This may be because their source region simply does not experience wildfires, such as high alpine glacial regions or extreme deserts. A more likely reason, however, is that most detrital AFT studies have focused on fluvial samples from high-order channels, which contain the fewest wildfire-reset grains. As this work shows, even in areas where wildfire-reset grains are abundant in soil, colluvium, and low-order channels, the high-order channels may have few to no wildfire-reset grains. This raises the question of what controls the change in apatite populations between hillslopes and high-order channels.
Glaciation in High-Order Channels
[61] Before proceeding, we acknowledge that our high channel network order sediment samples originated in catchments that were glaciated to varying extents in the Pleistocene. The distribution and abundance of wildfirereset grains in these areas may be influenced by the legacy of glaciation, because glaciation may (1) strip away preexisting regolith containing wildfire signatures, (2) reduce or prevent burning during or immediately after ice coverage, (3) leave fresh till in valleys for later removal, and (4) alter the shape of valleys in such a way (e.g., by forming oversteepened walls) as to reduce vegetative fuel. Although we cannot confidently rule out an important role for any of these factors, all of which would be expected to reduce the abundance of wildfire-reset grains in high-order channels, Figure 13 . Sample locations and probability density and histogram plots of apatite FT ages of grains from samples in the Adams Peak area of the northern Sierra Nevada (see text and Riebe et al. [2000 and Riebe et al. [ , 2001a and Riebe et al. [ , 2001b and Riebe et al. [ , 2004 for more location details). Colluvial hollow samples in this region contain 40-65% wildfire-reset apatite grains. Figure 14 . Sample locations and probability density and histogram plots of apatite FT ages of grains from samples in the Fort Sage area of the northern Sierra Nevada (see text and Granger et al. [1996 and Granger et al. [ , 2001 and Riebe et al. [2000 Riebe et al. [ , 2001a Riebe et al. [ , 2001b Riebe et al. [ , 2004 for more location details). Three colluvial hollow samples in this region contain 1-2% wildfire-reset apatite grains, and one contains 16%.
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REINERS ET AL.: WILDFIRE THERMOCHRONOLOGY we suggest that they likely play a minor role for the following reasons. First, in both unglaciated and previously glaciated settings in the northeastern Sierra Nevada, there is a consistent decrease in the abundance of wildfire signatures in apatite grains from soils, to colluvial hollows, to loworder channels. The formerly glaciated catchments extend this trend to high-order channels as we were unable to find high-order catchments unaffected by glaciation. This suggests that a common mechanism reduces the abundance of wildfire-resetting signatures from hillslopes to fluvial settings, and from low-order to higher-order channels. It also suggests that, if glaciers remove preglacial regolith, then most or all of the wildfire signatures, as well as dissolution features, in the formerly glaciated catchments, are Holocene in age. It is possible that the low abundance of wildfire-reset apatite in the Icicle Creek soils, relative to the northeastern Sierra soils (Figure 19 ), is due to the relative youthfulness of the regolith in Icicle Creek that follows glaciation. However, the consistent trends in fire signatures across sediment types in both glaciated and nonglaciated settings suggest that the 10-15 ka of Holocene soil development and transport have generated sufficiently large wildfire signatures to reflect the paucity of wildfire-reset grains in high-order catchments as a general phenomenon.
Paucity of Wildfire-Reset Grains in Fluvial Samples
[62] The high abundance of wildfire-reset grains in soils, colluvial hollows, and, to a lesser degree, low-order channel deposits, contrasts with their near absence in sediment carried by larger rivers. Given that fluvial sediment is derived primarily from hillslopes, these results suggest that there is a process that fractionates apatite populations in detritus during its transfer from hillslopes to fluvial systems.
[63] Detrital apatite grains in transmitted light and SEM photomicrographs (Figures 9 and 20) show several features distinguishing them from crystals from fresh bedrock. The most obvious of these is c-axis-parallel grooves and pits that give the grains a striated or wrinkly appearance on c-axis parallel faces, and either a spiky or swiss-cheese-like appearance on c-axis-perpendicular faces. Similar features due to preferential c-axis parallel dissolution of apatite have Figure 15 . Sample locations and probability density and histogram plots of apatite FT ages of grains from samples in the San Joaquin drainage and directly from the San Joaquin and Kings rivers, central Sierra Nevada. Apatite (U-Th)/He ages of samples from the region within and around the San Joaquin drainage from House et al. [1998 House et al. [ , 2001 are shown in top left image. A 3-cm-thick slab of exposed bedrock shows essentially complete resetting of the apatite FT system. Shallow soil shows a wide range of resetting. High-order channel sand from the two rivers show zero reset grains and 3.2% reset grains; separate aliquots of the same samples with fewer grains show consistent results. The catchment areas of the San Joaquin and Kings rivers above the fluvial sand samples taken in this study are outlined in green and purple, respectively. (Figures 15 and 18) . Exposed bedrock and soil show strongly reset and mixed reset signatures, and Kings river grains show both unreset and completely reset signatures. (b) Apatite grains from both high-order (Icicle Creek) and low-order channels show either unreset He-FT ages corresponding to those of local interior bedrock, or zero FT and partially reset He ages characteristic of strong resetting. Some grains from the soil samples show age combinations similar to those of the channels, but each soil sample also contains some grains with old FT ages (30 -60 Ma) and a wide range of He ages, including some significantly younger than the FT ages. These latter age combinations are not expected from either unheated bedrock in this area, nor from predicted wildfire heating trajectories from the initial bedrock ages. previously been observed in both laboratory and natural settings, including soils, saprolite, and shallow fluvial sandstones [Gleadow and Lovering, 1974; Morton, 1986; Banfield and Eggleton, 1989; Welch et al., 2002] . Detrital grains in this study also commonly have fractures at high angles (most often perpendicular) to the c axis, with dark coloration, and decorations of short c-axis-parallel pits along them, both on the surface and within the grains (Figures 9  and 20) . Preliminary SEM examination and x-ray mapping of these cracks shows that many are filled with Fe-Si-Alrich material, probably Fe-oxyhydroxides and clays. Although within a given hillslope sample there is no obvious correlation between the presence of dissolution or decoratedcrack features and the likelihood of reset He or FT ages, these dissolution features and decorated cracks are far more abundant in hillslope samples than in river sands. Thus these features may in general be diagnostic of near surface residence and the potential for wildfire resetting.
[64] Laboratory dissolution rates for apatite in soil-like conditions are 2 to 3 orders of magnitude faster than those of most other common rock-forming minerals (Figure 21 ) [see also Kowalewski and Rimstidt, 2003] . Although laboratory dissolution rates for all minerals are typically much higher than observed in field settings [White and Brantley, 1995; Drever and Clow, 1995] , if these proportional rate differences are preserved in natural soils, apatite would be expected to completely disappear far faster than most silicates in transport-limited erosional regimes. Rapid apatite dissolution relative to at least some other silicates is also consistent with the dominance of apatite-derived Sr on 87 Sr/ 86 Sr of soil and stream waters [Blum et al., 2002] . Apatite dissolution has also been shown to occur at very shallow depths in sediments and sedimentary rocks, including in floodplain deposits, where it may play a role in the development of secondary porosity [Morton, 1986; Bouch et al., 2002] .
[65] Dissolution of apatite in hillslope environments provides a likely explanation for why grains with wildfire resetting signatures are rare or absent in river sediments. Transport-limited parts of landscapes with gentle slopes are often soil mantled and erode primarily by bedrock-tosaprolite conversion and downslope soil creep. Apatite in these areas are likely to reside in the upper few centimeters of the surface, susceptible to wildfire heating, for long periods of time. Slow ''stirring'' of soil profiles [Heimsath et al., 2002; Roering et al., 2002] also results in multiple near-surface exposures and wildfires over time. Apatite is also more likely to dissolve in these environments, however, removing it from the pool of detrital minerals bound for the fluvial system. Small (<3 cm) rock fragments containing internally bound apatite may occasionally survive transport through such regimes, preserving apatite from dissolution, but these grains would still be susceptible to wildfire heating, as our analyses of detrital rock chips on hillslopes show (Figures 7 and 8) . Transporting apatite that is unaffected by both wildfire heating and dissolution requires transport of larger clasts or an alternative transport mechanism.
[66] Weathering-limited erosional regimes, such as steep hillslopes (and perhaps bedrock channels), erode primarily by threshold processes like landslides, rockfalls, or other episodic events [e.g., Roering et al., 2001] . These processes can produce deep erosion and transport large cobbles or boulders or thick sections of regolith [e.g., Stallard, 1995] . Larger transport units contain apatite grains less likely to have resided within a few centimeters of the surface, susceptible to both wildfire heating and dissolution. A very rough constraint on the minimum size of rock clasts that must be delivered from hillslopes to fluvial systems comes from estimating the volume fraction of material in the outermost 1 -3 cm of clasts (Figure 22) , where wildfire resetting is most likely to occur (e.g., Figure 8 ). For spherical clasts $20 cm in diameter, $27% of the volume resides in the outer 1 cm, and 66% in the outer 3 cm. To prevent delivery of material of less than 10% of grains in the outer 1 cm or 3 cm of clasts requires clasts larger than 0.6 m and 1.8 m diameter, respectively. Once in the fluvial environment, these clasts are likely to disaggregate, liberating unreset apatite grains or small clasts containing them.
6.6. Effects of Near-Surface Weathering on AFT and (U-Th)/He Ages
[67] Given apatite's relatively high dissolution rate and observations, from this and other studies, of morphologic and internal features in hillslope apatite suggesting corrosion and precipitation of other phases in cracks and along margins of the grains, a logical question is what effect partial dissolution or other kinds of weathering-induced changes have on apatite FT or (U-Th)/He ages. Gleadow and Lovering [1974] found that partially corroded apatite in a saprolite (taken from several meters below the surface) appeared to have lost $25% its U, and $40% of its spontaneous fission tracks, effects they attributed to lowtemperature, fluid-assisted annealing accompanying U loss and corrosion. In this study, dated apatite grains with the most obvious evidence of corrosion are those from soils. Although many of these grains have combined FT and He ages consistent with predicted trends of wildfire resetting, it is difficult to completely rule out the effects on weathering on some of the FT ages. However, a few grains from the Cascades soils fall in a region of the FT-He age plot (old FT ages and young He ages) that is not easily reconciled with either wildfire resetting or fresh bedrock ages from this area (Figure 16b ). At this point we have no good explanation for these He-FT double dates except to suggest that dissolution, overgrowths, and/or open-system behavior of parents and/or daughter products during soil residence may have compromised either thermochronometric system. We also note that some grains from soils/colluvial hollows ( Figure 9 ) appear to have zones of higher induced track densities (reflecting higher U concentrations) coinciding with the dark, throughgoing fractures. This may reflect high U concentrations in the Fe-hydroxides and clays formed along the cracks and edges of the grains. 6.7. Implications for Detrital Studies, Surficial Mass Transport, and Near-Surface Apatite
[68] Although wildfire-reset apatite is common in hillslope and low-order channel sediment, its relative rarity in high-order channel sediment probably means that wildfire resetting is not a major concern for thermochronologic studies of clastic sediments and sedimentary rocks that represent accumulation of sediment from medium to large rivers. Nonetheless, this study shows that even in some high-order channels, as much as 10% of apatite grains may have strongly disturbed (completely reset for FT) thermochronologic ages. This should be considered as a source of age dispersion or as an alternative to volcanic or rapid Figure 18 . Probability density and histogram plot of (a) ages of apatite (U-Th)/He ages of bedrock from the western Sierran Nevada [House et al., 1998 [House et al., , 2001 Cecil et al., 2006] , (b) 46 detrital grains from the San Joaquin river, and (c) 58 detrital grains from the Kings river. San Joaquin river apatite grains show no wildfire resetting and similar He ages as bedrock. Kings river apatite grains range to younger He ages, consistent with regional bedrock data [Clark et al., 2005] , and also show a small number of reset grains, consistent with the independent FT data on this sample (Figure 10 ). exhumation age component peaks in some populations. It is possible that fluvial sediment in some environments may contain higher proportions of reset grains, particularly if local circumstances lead to minimal sediment delivery from high-slope regions and minimal dissolution in hillslopes. Also, some types of sediments and sedimentary rocks that formed by means other than accumulation of sediment from high-order fluvial channels, such as paleosols, are likely to contain larger proportions of wildfire affected grains.
[69] Derivation of most fluvial apatite from steep hillslopes has implications for studies that combine detrital cooling age populations with catchment hypsometry to deduce spatial or temporal variations in erosion rates within or among catchments [Brewer et al., 2003; Ruhl and Hodges, 2005; Hodges et al., 2005; Stock et al., 2006; Huntington and Hodges, 2006; Vermeesch, 2007] . If most apatite exhumed in low-slope parts of landscapes dissolves in soils, then fluvial apatite populations will be dominated by steep regions of catchments. This means that populations of cooling ages from fluvial sediments may be misinterpreted as representing higher erosion rates in high-slope areas, or possibly as erosion rate changes with time. For example, we predict that fluvial cooling-age populations sampled from an area draining the Grizzly Dome region (Figure 12 ) would show a disproportionately large population of apatite grains with ages representing the lower parts of the age-elevation relationship where slopes are high on the margins of the dome, even if long-term erosion rates were uniform everywhere. This could be tested by compar- Figure 19 . Summary diagram of wildfire resetting signatures in detrital apatite as a function of location, sample type, and basin gradient, as measured by percentage of grains with completely reset FT ages. Soil and colluvial hollows (with the exception of Fort Sage) contain the largest proportion of reset grains, followed by low-order channels and high-order channels. ing detrital cooling age distributions with those predicted from hypsometrically weighted age-elevation relationships from bedrock samples in the catchment. This may also have implications beyond detrital thermochronology. It is well known that owing to differential solubility and abrasion resistance of phases, fluvial detritus (and its dissolved solute complement) is mineralogically (and compositionally) fractionated relative to its bedrock source [e.g., Kowalewski and Rimstidt, 2003] . We suggest that it is also spatially fractionated, in that the less chemically and physically resistant phases in fluvial detritus are derived preferentially from steep regions prone to transport via bedrock slope instability.
[70] The conclusion that most apatite in fluvial sediment comes from large clasts or landslides derived from highslope regions is similar in some ways to observations that cosmogenic nuclide concentrations in fluvial sediment depend on sediment grain size [Brown et al., 1995] and are biased by landslides [Niemi et al., 2005] . Preferential transport of material from hillslopes to rivers via landslides delivers detritus that has not resided in the upper few meters or centimeters for as long as it would if overland flow or soil creep were the only transport mechanisms. Detritus shielded from cosmic rays will also be shielded from wildfire heating. Thus we predict that the magnitude of thermochronologic wildfire signatures in detrital apatite, if present, should scale with cosmogenic nuclide concentrations. For a given erosion rate, the highest abundance of cosmogenic nuclides and the largest fraction of wildfire-reset grains should be found in fluvial sediment from landscapes characterized by hillslopes of moderate slope-steep enough to transport small clasts that prevent apatite dissolution but allow for wildfire heating, but shallow enough to prevent deep (>3 m) landslides.
Paleowildfire Signatures and Other Potential Applications of He-FT Age Inversions
[71] As noted above, sediments or sedimentary rocks that do not form by accumulation of high-order fluvial sediment but contain a terrestrial clastic component may contain significant proportions of wildfire-affected grains. Some types of deposits, such as paleosols, may preserve evidence of paleowildfire and its variations in the geologic record. Typically such evidence comes from either fossil charcoal or polycyclic aromatic hydrocarbons [e.g., Scott, 2000; Finkelstein et al., 2006] , which may be preferentially transported or preserved in some environments. Extrapolation of the results of this study suggests that many apatite grains in paleosols, at least those formed in vegetated areas, and those not dissolved during soil residence, should have FT ages approximating the soil formation age and older He ages on the same grains. Variations in abundance of grains with this diagnostic signature through paleosol sequences could potentially illuminate paleowildfire dynamics.
[72] Surface or near-surface processes other than wildfire can also produce transient thermal histories that produce inverted FT-He ages in both apatite and zircon. Processes capable of producing such thermal histories, at least theoretically, include small-scale magmatic events (e.g., country rocks adjacent to small dikes or lava flows), shock heating, shear heating along brittle faults, and, at least potentially, lightning strikes.
Conclusions
[73] Contrasting activation energies of FT annealing and He diffusion lead to a kinetic crossover in the apatite (and zircon) FT and (U-Th)/He thermochronometric systems. Short-duration, high-temperature thermal events characteristic of wildfire, and a few other processes such as transient heating along brittle faults, resets the FT system to greater extents than the (U-Th)/He system in apatite, resulting in inverted He-FT age relationships. Apatite in a 6-cm depth profile of exposed bedrock, as well as detrital clasts at the ground surface, confirm these predictions, and suggest a characteristic depth of penetration of wildfire heating effects of $3 cm. Detrital apatite in soil, colluvium, and creek sand from a wide variety of settings shows that crystals with zero FT ages are common and comprise a large fraction of, or dominate, hillslope apatite populations. Combined singlegrain FT-He double-dating confirms that many grains from these settings have inverted FT-He age relationships, and many grains are completely reset for the FT system but not (U-Th)/He system. Whereas wildfire-reset grains are common in hillslope environments, they are rare to absent in fluvial sediments from high-order channels. This, combined with the common presence of characteristic dissolution pits in hillslope apatite grains, suggests that most apatite in highorder channels is derived from material shielded from wildfire heating, probably inside large clasts and landslide material derived from high-slope areas. This in turn means that apatite in fluvial systems does not sample low-slope regions of landscapes in proportion to their areal abundance, even if erosion rate and apatite abundance in bedrock are uniform.
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